Ancient cratons are typically characterized by thick lithosphericmantle roots that provide them with buoyancy and rigidity. Once formed, cratons, including their roots, move around Earth's surface as parts of rigid plates that are normally unaffected by later magmatism or tectonic activity. Considerable geophysical and geochemical evidence, however, suggests that the ancient lithospheric mantle beneath the Chinese portion of the eastern Sino-Korean craton was replaced by thinner, hotter, juvenile mantle during the Jurassic to Early Cretaceous. The extent and cause of the changes to this lithospheric mantle have been debated. Keys to deciphering the history of the changes include knowledge of both the lateral extent of the lithospheric modifi cations and the relative timing of change across the craton. Discerning the age and structure of lithospheric mantle underlying North Korea, the easternmost part of the Sino-Korean craton, is thus particularly important. Here we report mineral compositions and Re-Os isotopic data for peridotite xenoliths from North Korean Triassic kimberlite and Tertiary basalts. The data suggest that, from the Triassic to the present, North Korea has been underlain by young, hot and fertile lithospheric mantle, unlike typical cratonic lithospheric roots, but similar to the juvenile lithospheric mantle underlying Chinese portions of the craton. Given the generally ancient nature of the crust composing North Korea, our fi ndings suggest that modifi cation of underlying cratonic roots extended to the eastern edge of the craton. The Triassic eruption age of the kimberlite suggests that the lithospheric changes may have occurred earlier than in China, indicating that lithospheric removal evolved from east to west. These results are most consistent with the conclusion that lithospheric loss was initially triggered by extension that followed the collision between the Sino-Korean and Yangtze cratons.
INTRODUCTION
The Sino-Korean craton, composed of the North China craton and North Korea, is one of the major Archean cratons in eastern Eurasia. It formed and stabilized during Paleoproterozoic time (Zhao et al., 2001) , and was subsequently covered by a thick sequence of Proterozoic to Paleozoic sediments (Wang and Mo, 1996) . Peridotite xenoliths from Middle Ordovician diamond-bearing kimberlites in China (Fig. 1) provide evidence that ancient (ca. 2.5 Ga), refractory, thick (>~200 km) and cold (geotherm ~40 mW/m 2 ) lithospheric mantle roots were present beneath at least some parts of the craton prior to Middle Ordovician time (e.g., Menzies et al., 1993; Griffi n et al., 1998; Gao et al., 2002; Fan et al., 2000; Xu, 2001 ). This observation is consistent with the concept that partial melting of the mantle that leads to the creation of continental crust may also produce residual subcontinental lithospheric mantle that is buoyant and rigid, due to its increased Mg# and decreased water contents, relative to ambient convecting upper mantle (Boyd et al., 1997) . Consequently, the crust and the lithospheric mantle keel may become mechanically and chemically coupled for billions of years (Walker et al., 1989) .
In contrast to the state of the lithospheric mantle during the Middle Ordovician, modern geophysical data, as well as the geochemical characteristics of peridotite xenoliths transported by Cenozoic basalts, indicate the current presence of thin, hot, and fertile lithosphere beneath the same area. These observations suggest that the ancient craton has been reactivated, and more than 100 km of cratonic lithosphere has been removed (Menzies et al., 1993; Griffi n et al., 1998; Xu, 2001; Wu et al., 2006; Zheng et al., 2007) . Although changes in magma compositions can provide some constraints on the timing of lithospheric removal and transformation (Yang et al., 2008) , direct evidence of the timing of this process has been scarce, and the resulting uncertainty has infl uenced debate on the causative mechanisms. Peridotites are the main component of the lithospheric mantle, and because of its utility for constraining the timing of melt removal from peridotites, the Re-Os isotopic system is commonly used for dating the formation of subcontinental lithospheric mantle (e.g., Shirey and Walker, 1998; Alard et al., 2005) , and is applied here. ( Kwon et al., 2009) , which formed by the Late Permian to Early Triassic collision between the Sino-Korean and Yangtze cratons. The Rangrim massif is the easternmost part of the Sino-Korean craton; it is a Precambrian terrane consisting of high-grade schists and gneisses, overlain by Mesoproterozoic to Phanerozoic sedimentary rocks and intruded by Mesozoic granitic plutons (Wu et al., 2007a) . The massif is dominated by Neoarchean to Paleoproterozoic (2.5-2.6 Ga, 2.1-2.2 Ga, and 1.8-1.9 Ga) magmatic rocks. Zircon Hf isotope data indicate that the continental crust of the Rangrim massif was formed mainly during the Archean and was reworked during the Paleoproterozoic, similar to the eastern North China craton (Wu et al., 2007b) . Mesozoic magmatic rocks are widely distributed in the Rangrim massif, including Triassic (224-210 Ma) granite, syenite, dolerite, and kimberlite, as well as Cretaceous (135-110 Ma) granite (Wu et al., 2007a) . Cenozoic basalts are also common.
Abundant peridotite xenoliths are found in Late Triassic kimberlites and in Tertiary basalts (Fig. 1) . The host kimberlites contain phlogopite that yields an Rb-Sr isochron age of 223.3 ± 6.6 Ma, and the basalts have a whole-rock Sr (~0.7131) and negative ε Nd (t) (~-20) and ε Hf (t) (~-26). They are enriched in large ion lithophile elements (LILEs) and light rare earth elements with (La/Yb) CN ratios of 39.5-41.7, and depleted in high fi eld strength elements, indicating that their parental magmas were derived from small-degree partial melting of ancient lithospheric mantle at depths where garnet was stable.
GEOCHEMICAL FEATURES OF MANTLE XENOLITHS
The mantle xenoliths studied are all spinel peridotites. Xenoliths taken from the kimberlites are generally large (to 30 cm across in largest dimension) and characterized by varying degrees of serpentinization. The xenoliths taken from the Tertiary basalts are small (<5 cm) and fresh, without serpentinization. The peridotites from the Triassic kimberlites and Tertiary basalts have similar mineral compositions. They contain clinopyroxenes and orthopyroxenes with relatively homogeneous CaO and equilibration temperatures of 991-1077 °C for Triassic xenoliths and 904-965 °C for Cenozoic xenoliths (Witt-Eickschen and Seck, 1991) . Olivine Mg numbers (%Fo) range from 89 to 91, clinopyroxene Na 2 O from 0.46 to 2.10 wt%, and spinel Cr# from 8.8 to 49 (see the Data Repository).
Bulk samples of peridotite xenoliths from the kimberlites and basalts have platinum group element (PGE) + Re concentrations between 0.002 and 0.012 × CI chondrites (Horan et al., 2003) , and are all characterized by relatively fl at, chondrite-normalized patterns, with the exception of variable Re depletion (Fig. 2) . The peridotites in the Triassic kimberlites contain copious sulfi des, whereas those in the Cenozoic basalts are characterized by a paucity of sulfi des, and those present are generally too small to be analyzed. In situ PGE + Re analyses of sulfi des (either enclosed or interstitial) from the peridotites in the Triassic kimberlite have relatively fl at chondrite-normalized patterns, like the bulk samples, but with negative platinum anomalies. Platinum depletions in peridotite sulfi des have commonly been attributed to exsolution of Pt-Te-Bi rich phases from primary base-metal sulfi des during serpentinization (Luguet et al., 2008) . There are negative Pt anomalies present in the sulfi des, yet the fl at whole-rock patterns without Pt depletions suggest that these rocks were not modifi ed by melt-rock interactions that would likely have removed the Pt (Luguet et al., 2008 (Fig. 3B) .
DISCUSSION
Thermobarometric and isotopic data of the North Korean xenoliths may be combined to determine the thermal and age structure of the lithospheric mantle underlying this region at the time the xenoliths were sampled. The peridotite xenoliths contain no garnet, implying that they probably originated from mantle depths of <~80 km, based on estimates of the spinel-garnet transition in such fertile rocks (Klemme and O'Neill, 2000) . Furthermore, the mineral and bulk compositions of the xenoliths suggest that the lithospheric mantle beneath North Korea during the Late Triassic and through the Tertiary was fertile and hot (918-1077 °C). The range and distribution of Os isotope compositions of whole rocks, as well as the Sr-Nd-Hf isotope ratios of the pyroxenes, are within the range of modern convective mantle. The Os isotope compositions of sulfi des are also consistent with the range of compositions reported for sulfi des present in modern abyssal peridotites (Alard et al., 2005) . Collectively, all of these geochemical and isotopic characteristics are consistent with the interpretation that the peridotites represent young (Phanerozoic) additions to the subcontinental lithospheric mantle.
The continental crust of the Rangrim massif was mainly formed during the Archean, and modifi ed by intracrustal fractionation during the Paleoproterozoic (Wu et al., 2007b) . Like the Chinese lithospheric mantle to the west, the lithospheric mantle beneath North Korea probably had a similar formation age of at least 2.6-2.5 Ga, and might also have been similarly modifi ed during the Paleoproterozoic (1.9-1.8 Ga) (Gao et al., 2002) . From the Mesoproterozoic to Late Permian, North Korea (like the rest of the Sino-Korean craton) was apparently free from magmatic and tectonic activity, and was located some distance from its present position, where it accumulated platform carbonates. The new results for the North Korea xenoliths, coupled with age and mantle source information regarding host volcanics, provide important constraints on the nature and timing of lithospheric replacement under the easternmost portion of the Sino-Korean craton. As with mantle xenoliths present in Mesozoic and Tertiary volcanic rocks in China to the west, the compositional and isotopic data for the subcontinental lithospheric mantle xenoliths present in the Triassic and Tertiary North Korean suites suggest that the ancient lithospheric mantle that presumably underlay this region in the past is no longer present, and was replaced by asthenospheric mantle prior to the Late Triassic. Consequently, the results also provide strong evidence that major lithospheric modifi cation and/or removal affecting the Sino-Korean craton extended eastward to the edge of the craton (North Korea). A key difference between lithospheric replacement under North Korea versus China, however, appears to be timing, which is suggested by several lines of evidence. First, the Chinese basalts that carry the xenoliths with juvenile mantle characteristics have ages of 100 Ma to present (Zheng et al., 2007) , whereas the North Korean Triassic kimberlites push the known timing of lithospheric replacement back at least an additional ~120 m.y. Second, the transition of igneous rocks (e.g., basalts) generated from sources with ancient, enriched mantle characteristics to what appears to be juvenile depleted mantle in the eastern portion of the Sino-Korean craton occurred earlier in the east (until 224-210 Ma) (Yang et al., 2007) compared to the west (ca. 165 Ma; Gao et al., 2004) (Fig. 1) . From the east to the west in the eastern Sino-Korean craton, the igneous activity occurred from the Triassic (224-210 Ma) in the east (Yang et al., 2007) , whereas in the west the activity occurred from the Jurassic (ca. 190 Ma) (Wu et al., 2005) . Collectively, these observations suggest that the timing of increased volcanic activity began earlier in the east, compared to the west, and most likely refl ects a westward progression of major lithospheric removal. The fact the North Korean Triassic lavas carry the juvenile lithospheric mantle xenoliths suggests that the lithospheric removal underlying North Korea occurred at least 50 m.y. earlier than the lithospheric removal to the west in China. Given these conclusions, it is important to consider what mechanisms could have led to the gradual, westward lithospheric modifi cation and/or replacement by the asthenospheric mantle over a continental-size region, beginning at the eastern edge of this craton.
Removal of subcontinental lithospheric mantle related to major plate tectonic processes can be accomplished by thermal erosion associated with a rising plume head, by extensional thinning of the lithosphere, or by processes related to foundering of lithosphere during thickening (e.g., Menzies et al., 1993; Xu, 2001; Gao et al., 2004; Zheng et al., 2007) . The lack of evidence for a plume in the eastern Sino-Korean craton during the Late Triassic argues against the plume erosion model. Geochronological data show that during the Late Permian to Middle Triassic, there was a progressive collision between the Sino-Korean and Yangtze cratons in the south (Okay and Şengör, 1992). The Pacifi c Ocean plate has been subducted westward beneath the region since at least the Jurassic (Wu et al., 2007c) . Given the recent magmatic and tectonic activity in the SinoKorean craton, it seems likely that the removal of subcontinental lithospheric mantle is related to these events.
The North Korean kimberlite examined here and the Late Triassic (224-210 Ma) magmatism in North Korea and the Chinese Liaodong Peninsula occurred synchronously with or slightly postdated the regional ultrahigh-pressure metamorphic event at 245-226 Ma to the south and, by inference, the continental collision between the Sino-Korean and Yangtze cratons (Liu et al., 2004) . Furthermore, the geochemistry and Sr-Nd-Hf isotopic data of the kimberlites indicate that they were derived via small degrees of partial melting of ancient, reenriched refractory lithospheric mantle within the garnet stability fi eld (>80 km). Thus, ancient lithospheric mantle probably underlay the younger hotter mantle sampled by the xenoliths. This is consistent with observations relating to Late Triassic mafi c dikes in the Liaodong Peninsula to the west, whereby one group of dikes originated from ancient lithospheric mantle at depths within the garnet stability fi eld (>80 km), yet a second group of dikes originated from juvenile lithospheric mantle generated at depths where spinel was stable (<80 km) (Yang et al., 2007) . Therefore, a lithospheric delamination model, i.e., rapid removal of subcontinental lithospheric mantle through lithospheric delamination associated with contractional tectonics, is most compatible with these observations. Rapid removal of the lower lithosphere would have resulted in passive upwelling of asthenospheric mantle to fi ll the region vacated by subcontinental lithospheric mantle removal; this new fertile material would have cooled from near-adiabatic to near-lithospheric temperatures to form the new lithospheric mantle. Consequently, the extension associated with the rollback of the subducted Pacifi c plate beneath the eastern Sino-Korean craton since the Jurassic induced the widespread Jurassic-to-Cretaceous destruction of the eastern Sino-Korean craton (Xu, 2007) . If our model accurately describes lithospheric destruction for the Sino-Korean craton, it raises the intriguing possibility that similar processes could have led to the rapid breakup of other continental blocks.
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Osmium isotopic compositions were measured by negative thermal ionization using either a GV Isoprobe-T mass spectrometer at IGGCAS (Chu et al., 2009) , or a VG Sector 54 mass spectrometer at UMD (Walker et al., 2002 (Walker et al., , 2008 . For these measurements, purified Os was loaded onto platinum filaments and Ba(OH) 2 was used as an ion emitter. At IGGCAS, all samples were run in static mode using Faraday cups. At UMD, samples were run in static mode on Faraday cups, or in peak-jumping mode with a single electron multiplier, depending on the amount of Os.
The measured Os isotopic ratios were corrected for mass fractionation using Os ratio of the Johnson-Matthey standard of UMD was 0.11380 ± 4 (2 n , n = 3) at IGGCAS, and 0.11379 ± 2 (2 n , n=3) for Faraday cups and 0.1138 ± 1 (2 n , n = 3) for electron multiplier at UMD.
The isotope dilution analyses of Re, Ir, Ru, Pt, and Pd were conducted either at IGGCAS and UMD using a Thermo-Electron Neptune MC-ICP-MS system with an electron multiplier in peak-jumping mode or using Faraday cups in static mode, according to the measured signal intensity, or at UMD using a Nu-Plasma MC-ICP-MS system with a triple electron multiplier configuration in static mode. Ru were typically 0.1-0.3% (2RSD).
In-situ Re-Os and PGE analysis of sulfides:
The analytical procedures for in situ Re-Os isotopic analysis have been described in detail by Pearson et al. (2002) (also see www.es.mq.edu.
au/GEMOC). Analyses were carrried out using a Merchantek LUV266 laser microprobe with a modified ablation cell, attached to a Nu Plasma multicollector ICPMS. All ablations were carried out using He as the carrier gas, to enhance sensitivity and reduce elemental fractionation. Most analyses were carried out at 4 Hz repetition rate and laser energies of 1-2 mJ/pulse, and typical pit diameters were 50-80 microns. A dry aerosol of Ir, produced by a CETAC MCN6000 desolvating nebuliser, was bled into the gas line between the ablation cell and the ICPMS to provide a mass-bias correction with a precision independent of the abundance of Os in the sample. In situ PGE analyses were performed with the GEMOC LAM-ICP-MS (Alard et al., 2000) . The six PGE, Au, and Se were determined with a custom-built laser ablation system linked to a Perkin-Elmer Sciex ELAN 6000 ICP-MS (RF power, 1050 W). The laser is a Continuum Surelite I-20 Q-switched quadrupled frequency Nd: YAG laser delivering a 266-nm ultraviolet beam.
Ablation was done in a pure He atmosphere (0.85L/min). Analytical conditions included a 40-to 60-mm beam diameter, 4 Hz laser frequency, and a beam energy ~0.5 mJ/pulse. Raw data were processed on line by means of the GLITTER software package (Van Achterbergh et al., 1999 The homogeneity of the standard is attested by long-term reproducibility (Alard et al., 2000) .
Typical detection limit, for the conditions described above, are lower than 40 ppb for all PGE but
Ru, which showed a 70 ppb detection limit. Detailed procedure was described by Alard et al. 
